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FOREVORD

ARACOI Laboratovies Division of Allied Research Associates,

Inc. has becn operating computer facilities at the NASA ‘Wallops Station
and Point Muzu CDA stations in support of TIROS operations. The
sﬁpport invelves orbit-by-orbit deter:nination and prediction of satellite
camera attitude and the use of these attituldes for the coraputation and
automatic drawing of latitude - longitude perspective overlay grids for
geographic referencing of the TIROS pictures.

This report provides basic documentation of the two principal
programs invelved -- the TIROS Sequence of Ficture Trids (SPE) latitude -
longitude grid drawing program and the TIROS orizon Sensor data .
reduction programs ({i-1 and '1-5). /ith the exception of the NTGAP
prograrmn, all the other principal programs used at the CDA stations use
much the same basic geometry and similar formulas, Input-output is
tailored to the specific requirements.

The motivation for this report is the necessity for basic information
on program niture to permit intellizent selection of 2 successor comnputer to
the Pendix G-15D units now in operation at the CDA stations. Itis
probable that their capacity will be exceeded by the data from the large number
of TIRCS satellites now planncd for early launch, The probable use of
eccentric orbits and unconventional caciera systerns will entail extensive
reprogramming in any event, so that the corputer changze should be made

at this time.
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SECTION 1

TIROS GRID PROGRAM

1. Introductory _ -

1.1 Introduction

The current Allied Research latitude-longitude grid‘ prograrmn was
drveloped in a cr‘ash program of a few weeks' duration and was delivered
for ase at TIROS IlI launch. For maximum programmming speed it was
constructed in sections by different programmers working virtaally in-
dependently, and normally the first codings which worked were accepted
on the spot. Additional linkage programs were inserted during final
assembly to compensate for the contrasting coding practices that had
evolved, |

In addition to furnishing a quick expedient for TIROS III, this program
was intended to supply a first trial of concepts to be used in the final full re-
rrogramming that was anticipated in the event that operations continued
vith further satellites,  Unfortunately, the temporary expedient has
served too well, and the need for a major final effort of programming and

documentation has not been apparent until the present.

The present report includes backzround considerations, basic geom-
etry and mathematics used, and mathematical flow chart for the grid cal-
culations. Coding details, program bookkeeping, and both internal and
extarnal service routines are omitted, However, details of program

operation are included.

1.2 Orizin, Motivation and Rasic Concepts

is
——

The program: section which draws a single grid is based on the orig-
inal Allied Research orid program that was developed under Air Force
Contract AF 19(¢04)-55€1 (Reference 1, Appendix A) and which was tested
at Pt, Mugzu during operations with TIROS Il under U.S. Weather Pureau
 Contract Cwb 10023, Althou h recoded for better efficie:ﬁcy and to fit
slishtly altered geon.ctry, fundamental changes were avoided in order :

a

s insure mectinr the launch date for TIROS III.
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The test with TIROS Il had made it abundantly clear that real-time
operational use would Ee fedsible only with the capability for producing
entire sequences of grids automatically., This meant automation of the
in.put data for the individual grids, and also very reliable built-in tests
to insure that understandable and usable outputs would be produced
steadily throughout an hour or more of unattended operation. The major
programming effort on the grid program for TIROS III was to implement
these added features while maintaining areasonable speed of operation,

A major new section in the grid program calculates satellite
ephemerides, continuing through satellite orientation, to produce all of
the constants necded for the object-image transformation in the camera,
and including the derivation of various geographical locations important
for the grid interpretation. The repetitive type-in of comron data was
virtually eliminated by storing satellite orbit elements and sun ephemeridelﬂ
on magnetic tape, and the necessary tape handling and table secarch routines
were adapted and fitted into the overall program., Separate programns were

written to control the preparation and storage of this data on tape; those

rocrams will be described elsewherec.
prog

To streamline the sections most often repeated, and to perrnit auto-
matic recycling of the relatively large total program needed at present
for each grid, those sections are stored on a second magnetic tape. An
indexed executive program was devised to control the reading of program
cornmands from this tape; it permits full buffering of both reading and

file-code searching, while providing at the same time for re-resading any

"block which shows a check-sum error. Since rmost of the computer memor
p

is now full most of the time, it is usually not possible to use the standard
Pendix Program Preparation Routine with it, Therefore, it was necessary
to devise more cornpact service routines to enter commands and to facili-
tate debugzing and program modification.

Consideration was given to comimon magnetic tape storage and con-
solidation with the other programs which were being developed at the same

time for TIROS III launch (MGAP, ODAM, H-1, etc.), since they require

1

"portions of the sarne input data and of the same ephemerides. However,

it seemed unwise to attempt this level of integration during the crash pro-
grarm shortly before TIROS I launch.
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A major consideration throughout all of the programs was to insure
efficient use of the operator' s time in the actual day-to-day applications,
Thus the format and units of typed-in information were chosen to coincide
as nearly as possible with those which have become the traditional daily
"lingo' at the TIROS readout sites. Furthermore, the type-ins of instruc-
tion codes and data to the programs is grouped as much as feasible iuto
introductory portions of the program, after which the machine is left to

operate unattended for as long as possible.




2. Formulation

2.1 PBasic Geometry: Description and Calculations

2.1.1 Orbit Elements

The grid program is designed to use orbit elements as they are re-
ceived on teletype at the TIROS read-out stations. Typiéallyf, a message
is received about once per week giving the semi-major axis, eccentricity,
inclination, argurnent of perigee, and rizht ascension of ascending node at
a recent epoch, as well as the first time derivative of the last two quantities.
The position of the satellite at epoch is given by its mean anomaly., Certain

other quantities are included in the message, of which the present prosgram

(&)

uses the anornalistic period and its first time derivative. Whenever one
of these messages is reccived, these quantities are stored on magnetic
tape, to be read in by the computer w.henever needed.
The orbit elements at a later epoch are calculated by linear extrapola-

tion, i.e., for each quantity O,
Q = Q_ +(t-t)DQ (1)

where Qo is the value received in the messé.ge, and DQ its rate of change.

The epoch of the message is t, and the ncw epoch is t, such thatt - t, is

elapsed time (in days and fraction of a day, if DD is used as received).
For each sequence of grids to be drawn, the time and longitude of

an adjacent northbound equator crossing is typed in, using the values

4

given in the complete list of these data which is also recsived via tele-
&

(

type. In principle, thesz also could be calculated, However, in effect

)

the extrapolation for these quantities involves the total rotations of the
earth and total revolutions of the satellite around its orbit since epoch.
These are not small quantities, so that the desired accuracy would re-
quire relatively high precision in the extrapolation.

The longitude of the ascending node, 9, is now found from

6 = 6, +(DQ- DS) (t - t)) (2)

where 8, and t, are the longitude and time of the northbtound equator

1
. crossing as typed in, Df: is the time derivative of right ascension of

~ascending node, DS is the sidereal angular velocity of the earth, and

-4
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t is the tiime for which 6 is being calculated. The alternative possibility
of deriving this qt}antity by interpolation between NASA values for two
-adjacent northbound crossings was discarded to reduce the number of
typed inputs (all the other quantitics are available to the computer from

the magnetic tape storage),

2.1.2 Coordinate Systerns

The preceding paragraphs use the usual geocentric equatorial co-
ordinate system: unit vectors i toward vernal equinox; k toward north
celestial pole, and j to form a right-handed triad from i, j, k. The
right ascension and declination are conventional polar coordinates re-
ferred to this reference frame, .

We shall also refer to other standard coordinate systems, for much
of the computation in the grid program simply consists of repeated transg-
formmations between them, We describe these coordinates by specifying
the orientation of the ri.ght—handed triad; i, j, k required in each case:

Geographic coordinates are geocentric, i is in the Greenwich
meridian, k is north; we use north geocentric latitude and cast longitude
referred to these axes. '

Orbital Nodal coordinates are geocentric, i points to the ascending
node, k is the positive normal to the plane of the orbit, The effective
longitude in this system is known as argument (or even "argument of
latitude" ); the effective latitude, b, has no common name,

Local Orbital coordinates are geocentric, k is the positive normal
to the orbit plane, i points toward the satellite,

Local Geographic coordinates are geocentric, i points to the satel-
lite; k points north as scen from the satellite,

‘ Topocentric orbital or geographic coordinates are oriented just
like the corresponding local coordinates, but the origin is taken at the
satellite (at the front nodal point of the satellite camera lens),

Althoush much description uses angles, the transformations are

all treated in the grid prograrmn in cartesian terms, as matrices multiply-

ing vectors; the trigonometry is simply collected into cartesian-polar

conversions and into derivation of matrix elements, We shall derive any

rotation as a sequence of simple rotations of the triad of unit vectors, in



each of which one axis remains fixed, We define [ I(4)] to signify the
matrix for one of these rotations, where I =1, 2, or 3 specifies that the
rotation was arournd i, j, or k respectively; ¢ is the amount of rotation,
It can be seen that [I (d;))]- =[I(-¢)]. For reference, we list the

formulas for the simple rotations:

0 0
[1 (¢ )] = 0 cos 6 sin ¢ , (3a)
-sin ¢ cog ¢
[ cos ¢ 0 -sin ¢
[2(e)] = |o 1 0 (3b)
_sin ol 0 cos b
—cos ¢ sin ¢ 0
[3 (o )] = -sin ¢ cos & 0 (3¢c)
| 0 0

2.1.3 Satellite Position

In the present program, the satellite position at picture time is
computed using conventional approximations for orbits of small eccen-

tricity, To first order in eccentricity, we have

r/a = 1 -ecos M ' (4a)

v M + 2e sin M (radians) (4b)

where a is the semimajor axis and e the eccentricity, and where M is
the'mean anomaly, v the true anomaly and r the distance from the center
of the earth to the satellite. These formulas introduce errors the order
of €2, the first terms omitted. A variation of TIROS altitude of 100
miles above and below programmed heizht corresponds to a major launch
error which produced an eccentricity the order of ¢ = .025; this case was

realized with TIROS V. For this case Equation (42) produces errovrs the

order of ae> = 4000 x . 000625, or 2.5 miles in height. Eguation (4b)

2 .
produces errors the order of ¢~ =,000025 radians, or roughly .04 de-

grees in anornaly; this in turn corresponds to akcut 2.7 miles in position,

-6-




Clearly the errors just quoted are well within the requirements for
operational analysis of TIROS pictures. However, the present program
calculates seriously erroneous positions for a truly elliptical orbit such
as the suggested TIROS experiment in which height would vary between
300 and 3000 miles. The approximations’ actually do not save encugh
operating time or program storage space to justify this limitation, and
it is suggested that this be rewritten using conventional calculations with- |
out mathematiczal approximations.

In the present program the orbit is alao specified approximately.
The basic time reference for all calculations concerning one sequence of
picture grids is taken as the northbound equator crossing for which time
and longitude were typed in, Therefore, the orbit elements are extra-
polated to this epoch using Equation 1, and those valuess are used through-
out that sequence of grids without calculating the true additional small |
changes. The argument of perigee changes by only a fraction of a degree
through a sequence, and the satellite position errors generated by ignoring
this change are only the order of eccentricity times the angle error. In
the program the right ascension of ascending node is used explicitly only
in calculating sun position relative to the satellite, and the fraction of 2
degree by which it changes is of no consequence,

In calculating the satellite geographic position it is necessary to
Lo pousaie fui Lo maoticn of perigee which da ionnred above. This is
done by using the nodal period imstead of the anomalistic period in dcfin.ing

4a},

the effective values of mean anomaly, M, to be used in Equations ( (+4b):

M = 27 (t - tp) / Tn (radians) (5)

where (t - tp) is time elapsed since perigee, and Tn is the nodal period,
the same units being used for both,

The extrapolated orbit elements provide the argument of perigee
directly, whereas the time of perigee is required for the mean anomaly;
hence the time must be calculated, The program accomplishes this as

soon as the orbit elements at northbound equator crosging have been de-

termined: the argument of perigee is inserted for v in Equation(4b), the
resulting transcendental Kepler's equation is solved for M, and finally

tp T (MT )/ 2m,, wherety is the time of northbound equator crossing,
n

tp'xs time of perigee, and Tn is nodal period.




From the foregoing calculations, the argument of the satellite, L,

is obtained as
L = wi+ty (6)

where w is the argument of perigec at the time of northbound cquator
crossing, and v is true anomaly of satellite according to the approxi-
mation described above. The inclination iz known, of course, Finally,
we determine the longitude of ascendinz node at the actual time in ques-
tion (i.e., picture time) from Egquation (2), and the position of the satel-
lite is completely specified relative to the earth, in orbital nodal

coordinates.

s

Convercion to geographical coordinates requires a negative rotation
about ascending node by the inclination, i, followed by a negative rotation
about north by the longitude of the ascending node, 0. Dividing out the

radial distance, r, we deal with the subpoint on a spherical earth of unit

radius;
b4 cos L_
yo= [3(-0)] [1(-)j{einL (7)
0

where %, y, z are cartesian components relative to the geographical sys-

tern; such that the longitude § and the geocantric latitude y are given by
Y = arcsia (z) ~90h§.y _<_9U°

inp = y/cosy (8)

£ = x/cos y

(o]

Cco

[é]

2.1,4 Description of Directions :

A unit vector may be translated at will without affecting the direct-
tion which it specifies. Thus we may visualize it as being affixed to the
origin of any coordinates that are convenient, and describe it by the cor-
responding cartesian or polar coordinates. At various timmes the present
program uses directions specified in the usual geocentric equatorial sys-
tern, the orbital hodal systern, and in both local systemns (sece section
“2,1.2; note that each local and its associated topocentric systern are

equivalent for describing a direction).




The convergion from equatorial to orbital nodal systems is per-
formed-as a standard transformation, as described earlier. This con-
version is needed, for example; for the sun ephemeris, We write the
original cartesian components of the direction explicitly as functions of
its right ascension, a, and its declination,” 5, The transformation con-
sists of a rotation about north by @, the right ascension of ascending
node, followed by a rotaticn about the node by i, the inclination of the
orbit. The transformed angles L, effective longitude (argument), and
b, effective latitude relative to the orbital nodal reference frame, are

written below as functions of the transformed cartesian components

(x, y, z):
x cos & cos ¢
= [L()] « [3()]- cos 6 sin a »(9)
Z sin &
b = arc sin z
cos L = xfcos b _ (10)
sin L = y/cos b

The conversion from orbital nodal to the local systems is written
in a special way for the directions of the sun and the satellite principal
axis. Their local orbital values are obtained by a single rotation about
e normal 1o tne orvit, vy tie arguincuat vl (e oéloilites I wi uadl
primes for nodal and doubtle primes for local coordinates of the dire ction,

and leave the satellite argurnent unprimed, we have
b” - bl
' = L' -1, (11)

so that the cartesian coordinates in the local orbital system may be

written directly in the form

x"" = cos b cos L' = cos b' cos (L' - L)
" = cos b" sin L" = cos b' sin (L' - L) (12)
" = sin b’ = sin b .

The principal axis is to be described by'an azimuth angle, §, and

nadir angle, n. These are defined in topocentric coordinates (origin at




e

front nodal point of camera lens), and concern the line secgment between
the camera lens and the principal point in object space (on surface of
ecarth or celestial sphere). To {it into the present discussion, let us
consider the positive direction on this line to be from the origin (lens)
to the principal point, although either sense of direction may be under-
stood in subsequent applications. The nadir angle is measured between
this direction and the local vertical, '""down,'" i.e., the ﬁegative i unit

vector of our local reference triad, Thus

1

n arccos (-x'") (13)

- cos (b') cos (L' -~ L) O_<_n5_l80°

or cos {(n)

The azimuth angle is readily visualized in terms of the projection
of the principal axis onto the plane tangent to earth at the subpoint: an
observer in the satellite sces a counterclockwise rotation of this projec-
tion for a positive azimuth angle. In the orbital coordinates the forward

orbit direction is taken as reference, so that
1/2

n

YL - )
= cos (b') sin (L' - L)/ sin (n)
sin £ = 2" /(1 -x%) /2
= gin (b') / sin (n)

ctz (b') sin (L' - L)

cos ¢

(14)

or ctg (£)

The variation of these directions relative to the local coordinates is

or the orbit. In

©
0
)

much faster than their variciion relative to cither spe
effect, L is the independent variable, and L' is a slowly changing system
parameter, Furthermore, it is obvious from Equation (13) that the mini-
muin nadir angle occurs for L = L' + 180°, and that it has the value n = b,
Consequently, we rewrite Equations (13), (14) in the form

cos (n) = éos (no) cos (L - Lo) 0 < nilSOo

< (152)
ctg (§)

i

ctg (no) sin (L - Lo) (sign of £ is same as sign (15h)
of n)
o
where we introduce the convenient parameters Ny the minimurn nadir
“angle, and Lo’ the value of argument of satellite at which the minimum
nadir angle occurs. The formula for § by itself does not completely specify

the quadrant as it is written. However, we note that if b' is positive, we

-10-




should have 0 < § < 180° whereas for negative b' we have -180° <§ <0,

Thus it i convenient to include the sivgn of b' in the parameter s i.e.,
n = L', and add to Equations (15a), (15b) the specification that the azi-
muth angle shall have the sign of nge

We cmphasize that the foregoing refers to the orbital azimuth angle,
The ceographical azirouth is obtained by subtracting the orbital azirnuth
of the ''north'" vector, a guantity derived below. _ '

The direction from the earth to the sun is found in right ascension
and declination from standard publishzd ephemerides, which have been
read into magnetic tape storage for ready access by the computer, For
the purpose of the present program it is useful to deal with the direction
of the shadow of the satellite, which is simply the opposite of the above,

so that we use

¢ shadow a +1e0°
sun

1

(16)

n
)
[eg}

© shadow
sun

This is converted to orbital nodal coordinates by Equations (9), (10) for
’ sun sun
and L0

mined, after which the azimuth and nadir angles of the shadow are com-
?

the tine of the northbound ecquator crossing, and ng deter-

puted frora Equations(l5a), (15b), Ample accuracy for our work is pro-

sun

. " sun’ .
vided by determining n, and Lo for successive northbound equator

croscsings and then using linear interpolation for actual picture times.
~The unit vector pointing toward North is rcadily expressed in orbital

nodlal coordinates. It is tipped from the positive normal to the orbit by the

porth (90 - i) degrees. The tip of

the vector lies clogest to the orbit along L = 90°, so that the argument of

arnount of the inclination, so that n,

s . . (¢} . .

minimum nadir angzle for north is L, = 2707, The orbital azimuth of North
is found by using these values with Tquation (15b), or (depending on pro-
gramming choices) by the specialized formula

ctg (£7°F%) - tan (i) cos L

(17)

£ has the sign of (90 - i) degrees

-11-




2.1.5 Carnera Orientation

In the grid Iﬁrogr_am it is necessary to consider the principal axis
as being precisely parallel to the satellite spin axis., It is the spin axis

which is predicted from satellite dynamnics, so that the grid derivation ~-

‘must accept it as basic input information. Ideally, the optical axis of

the TIROS camera parallels the spin axis, but, of course, there is al-
ways some discrepancy in practice. The discrepancy is determined
during calibration and is most easily handled by including it as part of
the overall lens distortion which is determined at that time.

For each sequence of picture grids, the grid program accepts a
typed input of the parameters n, and Lo for the principal axis, at the
time of the reference northbound equator crossing. An input of the
first time derivatives is also permitted, although the changes are usually
small enough relative to the precision with which the attitude is known to
ignore this detail., For each grid in the sequence the principal axis nadir
and azimuth angles are computed using Equations (15a), (15b).

The roll angle of the satellite (and camera) around the principal
axis should also be incorporated in the grid program. This is necessary
in order to permit allowance for non-radial camera distortions (such as
the misalignment mentioned above) and for TV distortions. The roll is
measured between an arbitrary fiducial direction on the satellite and an
arbitrary reference direction in space. In the present program the space

reference is the plane containing the satcllite, the center of the earth

g tho satellite, the center of the earth , and

the camera principal point, since this reference emerges naturally during
the transformation from geography to image space, as treated in the next
section. If the roll were given in other terms, such as the sun sensors
were intended to provide, that input would simply be converted to the
standard earth-center reference before use by the program.

In the present program the roll is fixed at zero (i.e., ignored).

This camne about because the present program was hurriedly adapted from

a simpler single-grid prograni. This feature of the programn has escaped

“repair because sorme grids are prepared well before the pictures are re-

ceivad, so that the roll angle cannot be known, and because the unrelia-

Lility of the sun sensor information makes it fairly hopeless to deal with

-12-



roll in any operational TIROS work at present. However, bthe sun sensors
should work, and the program should be able to. provide highly accurate
:c;ond—round grids which include non-radial distortion corrections. The
changes required are quite minor, and the details are included in the

derivations .in following sections,

2.2 Pasic Image Calculations

2.2.1 Object-Image Transforination

The formation of an image is described by reference to the special
camera-based coordinate system of unit vectors i, j, k which is shown
in f‘igure 1. The origin is at the lens, and the vector i peints toward the
focal plane along the principal axis, so that it is normal to the focal plane
for an ideally aligned system.

The location of a point in object space is described by coordinates
(a, b, c) relative to these axes. With zero distortion, i.e.,, with the
idealized geometry of a pin-hole camera, its imnage lies at the point with

coordinates (f, b', c'), where f is the focal length of the lens, and where

b’ fb/a

¢ = fc/a

(18)

In all subsequent discussions f will be considered unity; its effect is ab-

-sorbed into the overall factor which determines the scale of the output

grid. The method of dealing with image distortions will be described later,
Initially, we describe an object location by latitude, ‘b, and longitude,
P east latitude and north longitude being chosen as positive. The required’
transform ation can be visualized as a sequence of rotations and a transla-
tion of the reference triad of unit vectors into the camera-based position
descrited above, from an initial alignment along the standard position
described above, from an initial alignment along the standard geographical
reference frarme (see section 2.1,2). The operations on the reference triad

occur in the following sequence:

1. Rotation around k (north pole) by the east longitude of the satel-

- lite subpoint § : this places i at the subpoint longitude, although still along

the equator;

2. Rotation around -j in its new location, by the north latitude of

-13 -
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1

the subpoint y ¢ this places i through the satellite subpoint itself, while
-j remains along the equator, and the i, k, plane contains the north polg;

3. Translation parallel to i by the radius vector of the satellite
from the center of the earth r: this places the origin of coordinates at
the_llens;

4. Rotation around i (satellite radius vector) by the geographical
azir&mth angle of the principal axis §: this places k parallel to the prin-
cipél line at the subpoint (projection of the principal axis onto the earth
surface); '

5. Rotation around j by the nadir angle of the principal axis, n:
this brings the negative i axis up into coincidence with the principal
axis, /so that the coordinates are esscntially the required camera-based
system defined above; B

6. Rotation around i (i.e., the principal axis) by the roll angle, v.
1 b2 b y &

The full transforiration is applied to the cartesian components of

‘the object in standard geographical coordinates:

X cos b cos p
y!' > = cos § sin p : (19)
z! sin

It is useful to employ local geographic (geocentric) coordinates as an
intedasediate sicp, we deaviv Liese LY (X; y, z), uaprimed, we list con-

venient formal statements of the transformation:

-
x x!
dy beqnyd (20)
z 2!
¥ L
r
X-T

[S]< v (21)

/_,__J\
0 U op
]

N

b b= [8] [L] <y} - [SKO (22)
c ' @)

-15.




vh‘kre
R CL) = (2 (3] (232)
[ 5] [T(v)][2(n)][1(8)] (23Db)

are the product rotation matrices,

i

. In the grid program the calculations are planned so as to perform
as rl\nuch of the work as possible only once for each grid, leaving as
little as possible to be calculated for each of the many points per grid.
Thu‘s, the trarsforrnation matrices of Equations (23a) and (23b) are com -
pletely evaluated at the start of a particular grid. Furthermore, along
a merilian the longitude remains constant, so the program is arranged
to preserve all products of transformation elements with functions of
longitude, and to require only theinsertion of new functions of latitude
for né:w points along the meridian, A separate program section is written
in addition to this, which provides thie corresponding economy with parallels
of latitude. |

The calculation of the transformation elements is programmed in
steps cssentially as indicated by the above matrix expressions. In this
way it is convenient to extract and store at various stages the partial

transformations needed for the horizon, etc.

2.2.2 Validity of Imane Points

The foregoing transformation to image coordinates includes points
which actually do not appear in the picture. Tests are required to identify
any such point on which the computsr starts work., These tests arc separate
from those which reject an entire grid, although they may have that effect
when the program is at the end of its list of possible points,

It is particularly important that all possible cases be detected be-
cause the present program must run unattended for periods of up to an
hour, using grid parameters that are themselves being derivad by the
computer from more cryptic overall input data, so that it is virtually
impossible for the operating personnel to anticipate the possible troubles
of this sort,

' One test (denoted "x-test") excludes points of object space that are
hidden on the surface of earth beyond the horizon. In local geocentric

coordinates the horizon lies-in the plane x = 1/r (earth radius of unity;



P, see:section 2,3.2). The points to be excluded are those whos e x coordinate
- is l.éss than that value., This asswmnes that all trial points lie on earth,

of cburse, for there are points elsewhere in space which are visible, yet
fail this test. In practice this tect is modified to exclude also a strip of -
earth surface near the horizon which is secen at too great a slant angle

to pﬁtovide ugeful cloud inforrnation; this is done by using an artificial

xtesl which exceeds the theoretical value of 1/r. Empirical formulas

have' been used for simplicity:

x 2/ (r +1) TIROS 11 (24a)

test

oo = (51201 [r+(3/2)] TIROS III et seq. (24b)

'I‘heir/'deendence on height (r, distance of satellite from earth center)
is ade‘:quate for orbit ellipticity beyond that of TIROS V; the formulas in
fact give rcasonable resulis for r values as large 2as 2 or 3. However,
it rnight be useful to derive a rnore rigorous expression to provide a
fixed slant-angle limnit for all r. In any case, however, the x-test is
useful in combining both the horizon and the slant-angle tests.

The precise formulation of the x-test depends on programming
details. If the local geocentric coordinates were normally obtained as
an intermediate step, the x component would simply be tested then. The
present prograrmn uses the scalar product between the unit vector to the
snhnaint and the unit vactor to the point in question to derive x for the
purpose of this test, Precision is not important here, so that one may

" take advantage of an arbitrarily curtailed multiplication command such
as is available with the Eendix G-15D.

A separate test (denoted "a-test") is nécessary to insure that the
coordinate "a" of an object point be negative {in the camera coordinates
a, b, ¢, of section 2.2.1). I this is not done, the mathematics permits

full treatment, inclading plotting, for points on the wrong side of the

camera, such that the alleged light ray comes from the object through

1 the focal plane (at the computed point), and then on to the lens. Although

rare, this situation can be reached by erroncously calling for a grid when
. o . . . .

the nadir angle is near 1807, and occasionally it will occur in a correctly

specified grid when the grid spacing is large and the nadir angle is5 large
SN enouzh to make the focal plane intersect the earth (certain adjacent grid
o _

T
points then lie on opposite sides of focal planse),




h

|
v 1 It iz also necessary to inclua:fe an overflow test which, from a logi-
cal bc:int of view, simply extends the region of space excluded by the
prééeding test. This test is placed at a convenient location following
the divisions b/a and c¢/a (see sections 2.2.1). It is neceded because
under certain conditions the overflow generates complctely erroneous

fccal plane coordinates which may clude the other point tests, such as

the dize test below. Viewed as an arithmetical test, this i§ very familiar
, )

{n any programming. However, it also has the basic geometrical result
of rejecting points lying near the focal plane, i.e., with very small "a"
coordinate. It is believed that the program scaling avoids any other
source of overflow, _ |

A final test (M'size tesy") merely liznits the size of the output grid.
After [determing b/a and cfa, the sum of their squares is tested to insure
that it is less than an arbitrarily assigned radius, Since this quantity
is normally needed for correcting lens distortion, the test represents a

‘trivial addition to the program execution time.

2,2.3 Lens and TV Distortion

The transforimations of Section 2.2.1 assume zero distortion, i.e.,
the idealized straight-ray geometry of the pin-hole camera. However,
any distortion which has been calibrated can be taken into account throuzh
a final transform which operates on the idealized image to produce the
actual image.

The radial lens distortion of the TIROS lens can be described by an
even polynomial function of the radius. The grid program calculates

revised image plane coordinates (B, C) from the formulae:

w = (b/zi)Z '+(c/a)Z (25)
k=0 {(c5w+06) w+c7} W +c8]w + Cq (26)
B = kb/a, C =kc/a | | (27)

in which the c, are constants derived from an analysig of the lens cali-
bration curve., No correction for tangential lens distortion has been
found necessary for the TIROS work,

Further corrections could be made for the important additional

distortions due to various units of the TV system, frorn camera through

-18-
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display. Thiz would include non-radial cffects found during calibration,

as [‘v.'ell as identifiable TV distortions which in general vary from one
scquence of pictures to another, These would be known relative to the
pict‘_ure frame, so that the program would have to include the roll angle,
whi'Th insures that the horizon, grids, etc., appear in the true orienta-
ti-on:.rclative to scan lines and picturec frame.

. A common distortion, for example, is a simple stretch of the
TIROS picture, either parallel to the scan or perpendicular to it, This
is easily measured fromn the fiducial marks and normally it stays essen-
tially constant throughout a sequence. With the roll angle properly
included in the transformation coefficicents of Equation (23b), this stretch
could 'be incorporated easily into the plotting scale factors, and this dis-
tor'tioln incorporated into the grids, with no change whatsocver in the grid

point calculation program frora the current version,

2.3 Special Picture Details

The predicted positions of several f)icture details are usually plotted
in addition to the latitude-longitude grid lines. The basic purpose is to
assist the analyst to achieve the proper alignment of the grid with the
picture. In some cases these details also assist in interpreting the

brightness of cloud images.
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be visible in the picture. Any such geographical feature can be plotted

directly, using the transformation of section 2.2.1 on a stored sequence
of latitude-longitude points. For fastest operation of the program, these
would be stored as cartesian componcnts in geographical coordinates (x',

b4

+

, 2') of section 2,2.,1.

The following sections deal with picture details that are not known
directly as latitude-longitude points. In general such a detail is first
cieterm ined as an object orientation relative to the satellite, i.e., as
azimuth and nadir angle. The image point then may be computed directly,
or the corresponding latitude-longitude i:oint for the effective object loca-
tion may be determined to permit plotting the effective image on grids for
a variety of camcra orientations and locations. The latter procedure is

used, for example, to indicatz the path of principal points on each grid.
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2.3.1 Transformation from Nadir and Azimuth

} Let the lo caﬁon of a point be given by the nadir (n') and azimuth
(i;,“) angzles of the line segment between it and the camera (primes dis-
tinguish these angles from the nadir and azimuth of the principal axis),
and“ by the statercent that the point lies on the earth surface., The dis-
tanu‘*re from point to camera, D, is involved, but will not be known in
general. These quantities are in fact spherical polar coordinates re-
fe.rr!ed to the local coordinate system but with the camera lens as orizin, |

the topocentric geographic cocordinates of section 2.1.2, so we may write

(x-r}) = -Dcosn'
v = - Dsinn' sin ¢! (28)
/ z = Dsinn' cos §

f
and the transformation of Egquation (21) may be applied directly. The dis-
tance D in fact cancels from the ratios b/a, c/a, when only the direct

image point is required, so that it may be set to unity at the outset for

such calculations.

When the object latitude and longitude are required D must be cal-
culated. For a spherical earth of unity radius, the basic geometry is

shown in Ficure 2, from whicnh it can be seen that
<o H

D = rcosn' - (1l - rz sin2 n' )1/2 (29)
Lyuation (e8] andy udw o8 TowTitton in the form

X = rsinz ' +cos ' (1 -rz Sinz n')I/ZI

y = - (1 - xz) L/2 sin £ (30}

z = (1 -xz)l/2 cos &'

The latitude, & , and longitude, p, are found by the transformation inverse

to that of Equation (20):

X1 .
yr= {L] y = [3(-8)][2(y)] Y (31)
Z



NOTE ¢

2 2 +.1/2
K=(1-r"sin n)

Figure 2 - Relation Ietween Object Distance, D and Object
Nadir Anzle, n
-21-
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y = arcsin z' - 907 <& <90

sin p = y'/cos ¢ (32)

cos p = x'[cos Y

It should be noted that the storage of points derived for onegrid,
in order to plot those points on some other grid'(such as is done for the
pathlﬁof principal points), is most speedily accomplished if the step of
Equation (32) is omitted, and the points therefore plotted later using the
direct transformaticn of Equation (22), This procedure avoids several

trizonometric calzulations as well as some additional multiplications.

2.3.2 The Horizon
‘F-V

Tt can be seen from Figure 2 that the nadir angle of a ray {rom the
horizon to the cammera satisfies the relation r sinn' =1, It follows from
the first of Equations (30) that the horizon lies in the plane x = 1/r. The
entire horizon can be traced out by supplying a sequence of values for §',
and the image found by applying the transformnation of Equations (28) and
(21).

The horizon itself includes all values of §'. HO\\‘IGVCI‘, some portio
of it may not be visible in the picture, this question depending on the angl
betwezn the principal axis and the ray from the horizon point. It can be
secn that the horizon point nearest to the principal axis is characterized
by an azimuth €' equal to the princigal axiz 2
useful to start the program at this point, and plot the horizon in either
direction until a point fails the output grid "size" test (section 2.2.2).

An alternate procedure is based on the obscrvation that the horizon
is completely sysametrical around the subpoint, so that actually v/hat is
involved is simply the azimuth difference, (' - £). One may in fact cal-
culate si)ecial transformation matrices for Equation (21), in which § is
arbitrarily taken as zero, and then in all cases start the program at the
horizon point.g' = 0. This is done in the present program, because for
special rcasons it deletes one multiply cornmand per point and because
the absence of TV distortion correction permits the program to calculate
only half of the horizon, determining the remainder by reflection in the
plane of mirror sy.nmetry, {i.e., the points are stored, then replotted

after changing the sign of E, the cuiput from Equation (27)).

-22-

ns

e



2,3.3 The S'l.l_g__Line

!
|
|
i
{
|
|
i

The TIROS sun angle sensor purports to measure the roll angle of
the camera and satellite around tne principal axis. The sun angle is
measured from the half-plane which is bounded by the principal axis and
contains the sun, to a reference direction that is fixed in the satellite
ffar._ e. The relation to the TV scan lines and picture framcs apparently
'diffe‘virs for the two cameras because of the way they are mounted, but
this detail simply involves an additive constant that can be determined
from engineering drawings, or perhaps even more quickly, empirically,
If it were availatle in time; and if it were rcliable, the sun angle
would be used to specify roll angle v in deriving the latitude-longitude
gridsf Since it is neither, but some provision must be made, the grids
'
may be drawn with an extra line {the "sun line") which extends from the
principal point out through the image of the shadow of the satellite. The

sun angle for a picture now specifiesthe angle between this sun line and

"a reference line which is fixed relative to the scan lines and picture frame

details; the user merely rotates the grid relative to the picture to achieve
this prescribed angle.

The nadir and azimuth angles of the satellite shadow are the quan-
tities regarding the sun which are derived initially frora the ephemeris,
The image of the shadow can be calculated imumediately from the trans-

1

tormaition Equations \26), \21]. i prd&.i.i\.c Llle vllaauw ?vlu:. LG

5% Slvuia
certainly be plotted as an aid in detecting the extent to which apparent cloud
brightness is being affected by Heiligenschein. In general, however, there
are cases in which the shadow image would not appear even though the
shadow line would be needed: these occur when the sun lies near the
camera focal plane, or in front of it. In normal TIROS operations these
situations will be avoided, but itis pointless to male the program depend
on this, To remove this unnecessary restriction, Equation (21) is used

to calculate only b and ¢, and the length N = (bé + cz)l/Z is used for
normalizatibn, rather than a. The sun line is plotted from the principal

point to the point given in fccal plane coordinates by

B = Db/N, C = Dc/N Y (32)

‘

<

whare D is the arbitrarily chosen line length; at present this is the "grid
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size' test length, (Since the lens distortion is not applied here, the sun-
1inc‘f extends sornewhat farther out that any other grid feature.)

| If the roll anzle were used in the grid prograra, i.e., so that TV
distortions could be included; the sun line would be deleted. Instead,
the proper orientation of the grid would be given directly by hdving the
conaLuter draw the actaal fiducial marks as they must appear in the
pictire.

2.3.4 The Sunglint Point

A TIROS picture shows with great brilliance any specular reflec-
tion of sunlight from a large open water surface toward the satellite
("sunglint'')., We calculate the theoretical location of the sunglint point
on thg surface of the carth to plot its image in the latitude-longitude grid.
This has two usec: it assists in orienting the grid relative to the picture

whenever the sunglint does appear, and it assists in determining whether

apparent cloud brightness has been affected by enhanced reflection at

this angle when the sunglint point is not clear. It should be remembered
that tha theoretical poirt is not necessarily'what the observer sees as
the center of the phenomenon, both because surface effects enter, and
because the geometry lacks up-to-down symmetry. However, with these
warnings known, the calculated point is quite useful.

The sunyglint azimuth angle is simply 150° different from that of the
shadow-point, The shadow-point nadir angle gives the direction of the
orizinal rays of sunli_ht, before reflection. As seen in Figure 3, the
idealized sunglint pcint is that for which the angle of incidence on earth
(N - 0) equals the an;le of reflection (n8 + 6); n is the nadir angle of
the ray reflected into the camera, and 0 is the central angle (at earth
center) between the satellite subpoint and the point of reflection, i.e.,
the sunglint point, Thus |

ng + 0 N -9
(N/2) -(n_/2)

n

(34)

il

or ©
An additional relation serves to eliminate one of the two unknowns, n
or 0; in its derivation we use unity earth radius, and r as the known

satellite radial distance:



Figure 3 - Sungzlint Geometry.
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. sin 8 = A
| ' cos O = C
| .
thus
n, = arctg (A/B) = arcty [A/ (r - )]

‘1 - (35)
arctg [sin &/ (r - cos 0)]

Thege relations are combined into a form which is readily solved by
[ .

iteration to find the nadir angle of the sunglint points:

0

it

n,

4 arctg [sin E)j/ (g - CcoS 6].)] (36b)

The remainder of the calculations proceced as before, dusing Equations (28)
and (il), etc.
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3. [Program Operation

i

3,1 Startine the Procram
i DU = — e

The grid program consists of two reels of paper tape and is stored
on rf;agnetic tape, unit #4, with a short loader tape. The current orbital
c‘.er\';ents and the sun data are stored on magnetic tape, unit 4. Figure 4
is alflow diagram of th2 program operation,

\'i The program is started by loading the SPG paper tape program into
the éomputer. The SPG program up-dates the orbital elements and the
sun data to the time of nodal passage. These data as well as other data
which are typed in are properly scaled and stored in drum mermory in

lines 13 and 18§,

|
3.2 Typewriter Inputs

Typewriter input routines, specially written by ARACON personnel

for the programs, are arranged for extreme convenience of routine uce,

‘Each input itemn is called for by a brief rmnemonic output, After the

nnemonic typeout, the computer operator must type in the requested
information. Whole numbers, dates, hours, etc., are typed directly
viithout the hollow period (the reload key). Decimnal numbers require

the use of the hollow period. Striking the hollow period in a whole number
is irnmediately interpreted as an error, the computer takes control, a
nair of tahs occur. and the number must bhe retvned. Similarly. if an
extra hollow period is typed in a decimal nurtb er, a string of hollow
periods serves to erase any typing error made before striking the re-
lease key. If, upon striking the release key, a hollow period has not

been typed in an input supposed to be a decimal number, the type in

error is entered.

The mnemonic typeouts are:

(1) Group L
Orbital file number.
Sun data file number.

(2) Group II (Reference ascending node).
Orbit numboer.

Year.
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SPG PAPER TAPE

START PSOGRAM
! i

y

|
1
MNEMONIC TYPEQUT
GRGUP I
i TYPE INS:
SEAKCH AT, UnIT®)

FOR - o m
1.Orb Elem File

Sunlute Fite™
L | GROUP II
i TYPEINS:
CUMPUTE 8 STORE

GROUP II
TYPEINS:
COVPUTE 8 STCRE

GROUP I
TYPE INS:
OPTICNS

CROUP X
TYPE INS:
CANERA NO.

L.

9

e

TYPE OUTS:

HEADING

_

NO

A

CALCULATE & PLOT

. PRINCIPAL LINE

CHORIZON
PRINCIPAL POINT

. SUBPOINT

CPAST PRIN. POIN

. REFERENCE ARROW

UMD WM

| GALCULATE & PLOT

(1F CESIRED )

Y

TYPE QUTS:

I. TIME AAN

2. SUBPOINT {1at &long

3. REFERENCE ARROW
(iat & iong)

4 NADIR AMGLE

'll.SUN’UHE
{2 SUN GLINT

L

TYPE OUTS:

. (1F DESIRED)

Y

CALCULATE & PLOT ],

1. LONGITUDE LINES
2 LATITUDE LINES
3 NEXT PRIN.POINT

CONSTANTS FROM
LINES 13 618

i
i

PLOT

(IFDESIRED )

Y

ROLL PAPER

(to next grid)

S

et N\

LAST GRID ?

TYPE NS
IONEW ITITERVAL
2. NO. OF GRIDS

GEOGRAPHY

Figure 4 - Flow Diagrain of the Grid Projram Operation
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Month.
Day.
GMT (HHMMSS).

Fast longitude, west is negative (DDDMM).

. (3) Group III
\ GMT (HHMMSS) - reference first grid.
\ Day of first grid.
‘ Number of grids to be plotted.
Time interval between zrids.
Minimum nadir angle (NON).
Change per orbit in NON.
f The angle along the orbit of track at which NON occurs (LOL).
| Change per ortit in LOL.

(4) Group IV - Options.
Geography.
Current sunglint,
Sun line,

Stored constants.

(5) Group V.

Camera number. Camera number 1 is for the distorted lens,

while camera number 2 is for no lens distortion.

Following the mnemonic typeouts and the required typeins, an alpha-

numeric hezading is typed out for easy identification of the typecouts which

accompany each grid made by the plotter., See Figure 5 for an example

of the mnemonic typeouts, the typeins, and the alphanumeric heading.

An explanation of the heading follows:

"T'" is the time of the grid after ascending node,

"-SUBPT-" is the latitule and longitude of the sub-satellite point.
West and south are negative,

"_ARROW-" is the latitude and longitude of the arrow which is plotted
on each grid and serves as a reference point., West and south are
negative. This arrow always points to the north. '

"N'" is the nadir angle for each grid plotted.
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3.3 Plotting the Grid

\ . : .
| After the alphanurneric heading is typed out, the computer calcu-

lates and plots the following for each crid:

I (1) The principal line. This is a line segment along the principal

\ axis and extends from the principal poirt to the horizon, It is
1 the shortest distance from the principal point to the horizon.

‘ :

|

' (2) The horizon v.ill then be plotted if it appears within the scope

of the grid.

~—
(98}
g

The principal point is plotted as a small cross (+). This is

the point of intersection of the principal axis with the earth's

surface or with the celestial sphere if the principal point is

] not on the earth' s surface,

() The past principal point is also plotted as a small cross (+).
Since it is the principal point of the previously plotted grid,
(it will not appear on the first 3rid plotted, and, of course, it
roay or rmay not appear on any grid if the point is or is not
geographically on the grid.

(5) The sub-satellite point - referred to as the subpoint - is plotted
as. a small square {_}).

(6) The reference point is plotted as' a small arrow (~). It is used

to identify the latitude and longitude lines in the grid. It appears

near the center of the grid and always points to the north. The

nurre ric typeouts for each grid give the latitude and longitude

of the point of this arrow.

The following options are available and will be plotted and/or typed
out if requested: The option is requested by typing in a number following

the rinemonic typeout, "options."

(1) The geography of western North America may be plotted if it
appears geogr aphically on the grid. This option is requested
by typing in the number ""1" following the mnemonic typeout,

(2) The current sunglint rmay be calculated and plotted as a small
triangle (4). It is requested by typing in the number " 3",

(3) The sun line may be calculated and plotted as a short line seg-
ment which ¢xtends to the horizon or an appropriate distance.

It is requested Ly typing in the number 4",
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(4) The constants which were coraputed and scaled at the beginning
of the program and then stored in lines 13 and 18 may be typed
out if requested. They are requested by typing in the number

51, This option was extremely helpful in debugging the program.

| The calculation and/or plotting of the principal line, the horizon,
the ;lrincipal point; the subpoint, the past principal point, the reference
point and also the plotting of the sun line, and the sunglint, if they were
properly requested, are followed by an alphanumeric typeout. This type-
out gives the time after ascending node, the latitude and lonzitude of the
subpoint and the reference point, and the nadir angle for the grid which
is being plotted at that tixzne., After this typeout the lonzitude and latitude
lines &re calculated and plotted at five degree intervals. The principal
point [for the next grid is then calculated and it is plotted if it appears
within the scope of this grid. A test is then made by the computer to
determine if the geography option was requested. If the geography option
‘was properly requested another test is made to ascertain whether the
geography should be plotted on the grid. After the grid has been completely
plotted, the plotter paper is then rolled forward and thz plotter is then
ready to plot the next grid. Figures 6 and 7 are examples of ploited grids
with options. A test is then made to determine if the last requested grid
has been plotted. If the last grid has not as yet been plotted, the sequence
oI operations 18 repeated and anower yrid iy pluiied, Adier s last grid
has heen plotted, the typzout "on?" occurs. At this point the operator

may request any number of additional grids for any new interval desired.

3.4 Grid Size

The grid size is determined by one constant in the program. Figure
6 is an example of a grid with a 3 inch radius. This is the normal size
plotted and is used by the weather burcau personnel to draw latitude-
longitude lines directly onto the TIROS photographs., Figure 7 is an ex-
ample of the same grid with a 5 inch radius. This {s the size that is

normally used with the TIROS film negatives and a photo enlarger,
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Figure 7 - A Five Inch Radius Grid
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_f%. 5 Time To Plot a Sequence of Grids

t, Standard procedure at the TIROS data acquisition sites is for the
AR)&CON Coniputer operators to have the computer draw a set of grids
in advance of each remote picture taking sequence. Grids are normally
genératcd for one minute intervals for all the odd numbered frames.
Siincg the cameras are set to take remote pictures at 30 second inter-
valsifor 1€ minutes, it requires 16 grids at one minute intervals for a
stanéard sequence of pictures, The aver age time for the operator to
type in the required information and then for the computer to generate
and plot the latitude-longitude sequence of 16 grids is about 60 minutes

for an average of about 4 minutes per grid,

/

t
|
i
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4., Program Organization
ST

1

Threce scparate groups of calculations are involved in the grid
program. Those in the first group are performed only once for an entire
sequénce of orids, those in the second group are performed once for each
grid,| and those in the third group are performed once for each point in
a griP. The relative effect of these groups on the program timing can be
estimated by noting.that there are usually about sixteen grids per sequence.,
and the order of {fifty to one hundred points in each grid (in the latter
count one must include horizon points and at least a single border layer of
rejected points, and every latitude-longitude intersection raust be counted
twice 1‘*1 the present program),

The first group includes:

1. all type-ins;

2. search and read-in operations for stored orbit elements and

sun ephemerides;

3. updating of orbital elements, as described in Section 2.1.1, and
their preparation and storage for use in the main program,;

4, sun data interpolation, and transiormation to.orkital coordinates;

5. various bookkeeping operations concerning program options, |
typed-in grid spccifications, etc.;

6. calculate time after ascending nocde at which perigee occurs, tp'
using the stationary orbit approximation of Section 2.1. 3; that i3, solve
Equation 4b for M, given v, by iteration: M,

e i+1
where v is set equal to the argument of perigee, w, Mo is set equal to

= v - 2e sin Ivli

zero, and the iteration is continued until the change in M is satisfactorily

sinall; then, tp = (Tn MY/ (2 w), essentially as in Equation 5.

The second group includes:
1. calculate satellite position in orbital coordinates from Equation 4a,
b, 5, and 6, and tac conversion to geographical coordinates by Equations
7 ang 8.
culate x by 24a or b,
2. calculate test 2

3. calculate rotation matrices for 23a,

4. calculate orbital azimuth of North, Equation 17

236 -




|
(
t 5. calculate nacir and orbital azimuth angles fromn , Lo values
atored during first group operations, using Equations 15a, b, 16, for
(2) satellite principal axis
(b) shadow line from s2atellite,
and %etermine geographical azimuths by subtracting North azimuth
according to step 2, above;
o ‘i 6. calculate rotation matrices for Equatiéns 23b;
7. calculate product matrices specified by 23a, b, and supplementary
transformation matrices for horizon calculations, Section 2. 3. 2,and for
x-test, as descrilbed in Section 2. 2. 2; » |
. test that the calculated principal axis nadir angle is srnall enough
to wanrant drawing the grid; if not, loop to next picture time according to
type -ins,
90 determine on the basis of the nadir angle and satellite altitude
whether the principal point lies on the earth and if it does, whether a
useful first-grid-point can be derived from it;
10a. If the principal point lies on earth, find its latitude and longitude
from Equations 30, 31, 32; in either case, set an appropriate indicator
and store the data for use when plotting adjacent grids, so as to construct
the required track of principal points;
10b. plot this principal point on the preceding grid; it will be noted

that the preceding grid paper, and the complete set of transformation

(=4

" matrices for the preceding zrid must still be present in the computer in

order to accomplish this;
10c. if principal point is suitakle for deriving a first-grid-point for the
new grid, store it for this purpose separately from the storage of 10a,
above; or, if principal point is not suitable, use a suitable fake nadir
angle with Equations 30, 31, 32, and store the resulting fake principal
point for deriving a first-grid-point;
11. calculate the sun-line coordinates, according to Equations
28, 21, and 33. Preferably the shadow point would be determined here and
stored, and also plotted on the previous grid, to facilitate interpretation

of apparent cloud brightness;
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112, calculate sunglint point, Equations 36a, b, 28, 21; stepwise
rcdiptction of the trial interval should be used in the iteration of 36 a, b,
rather than direct feed-back of the cormputed discrepancy, for both large
and small values of N must be accommiodated, and the convergence properties
diffjr for the two cases; tests are performed first to determine whether
sﬁng,lint is possible; the sunglint point also should be plotted on the pre--
ceding grid to facilitate use of sunglint-derived matchpoints as well as
for Brightness interpretation; .

The preceding operations are perforfned prior to rolling the chart
paper and prior to emptyin? the machine of the transformations for the
previous grid, in order to permit the prin.cipal point track, etc., to be
enterc}é/d on if.

i

Other once-per-grid operations include:

13, calculate a first grid point by rounding the real or fake principal
point to the nearest five degrees; calculate its transformation into the
picture plane; if this point fails one of the validity tests, round the principal
point.in a different fashion, and calculate its transformation; this procedure
is repeated if necessary to try all four grid points at the corners of the box
containing the start-point; if none is accepted by the validity tests, the grid
is rejected anc the program goes on to the next grid. '

14, if a start point succeeds, its latitude and longitude are printed

“out by the typewriter, and the program uses its transform, and the

transforms of points with halfi-degrece increments of latitude and longitude,
to plot an arrow pointing north and with its tip at the stmripoint.

The third group of operations may be considered as a sing‘é unit which
accepts a value of latitude and longitude, calculates its transform into the
picture plane according to Equations 19, 22, and 13, tests the validity of
the point in all ways described in Section 2. 2. 2, applies the lens distortion
according to Equations 25, 26, and 27 if the point is good, and then enters
the subroutine modiiicd for maximum speed by ARACON which moves the
plotter pen along the required path to the new point. In the present program,
various curtailed versions of this group are employed for certain applica-

tions in order to minimize operating time:
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11, horizon points are calculated according to the alternate
proc‘bdure of the last paragraph of 2. 3. 2; the transformation is somewhat
shorter than the full matrix operation otherwise required.

2. Grid boundaries are found by incrementing from the start point
along‘?‘ 4 constant longitude until a validity test is failed; the same occurs
in thq other direction along the same longitude, and then the latitude of
the g:l;'id point nearest the middle of this zone is found. This is used to
replaée the oviginal latituce of the start point, Next, the nearesttoa
central longitude is found by the same process, and substituted into the start
point; then the nearest to central latitude is redetermined if the longitude
changed; it is assum:ed that this process has sufficiently canvassed the
arca., (Throughout this, of course, lens correction is deleted and no
plot occurs.

3. In the present program tihe actual object-image transformation
has been-programmed in two different orders. One first performs the
operations relating to the longitude of the point, so that only the remainder
of the calculations is required for succeeding points along the line of that
constant value of longitude. The other takes into account the latitude first,
and thus is used for constructing parallels of latitude. Isolated points,
such as sunglint, shadowpoint, subpoint, and principal points are found
using the routine for longitude first, since that has slightly fewer multiply

commands,
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SECTION I

\) ! TIROS HORIZON SENSOR PROGRAM

1. Titlﬁ_

1
TIROS Horizon Sensor Program
Designation: H-1 or -5

| Computer: Dendix G-15D w/?R-—Z, PA-3

2. Purpose

Reduction of raw TIROS horizon sensor data to a form where it can

be use{d to determine TIROS spin axis orientation in orbital coordinates,

f

!
3. General Principles

TIROS satellites are equippsed with an infra-red horizon sensor
mounted so that its optical axis is at an angle to the nominal spin axis of
the satellite, For TIROS I thxru IV, the angle is 900; for TIROS V and VI,
it is 70°. The angle of acceptance of tae horizon sensor is of the order of 1°,
As the satellite spins, successive horizon encounters are marked by
a rise and fall of the IR observed by the sensor. The IR intensity is telemetered
to the ground during a part of the period waen the satellite is within
acquisitioh radius .of the Command and Data Acquisition station. At the
ground the signal is partially differentiated to enhance changes, clipped,
and fed to a discriminator circuit that marks the time of horizon encounter,
The discriminator controls a clock counter that accuinulates the nurmaber
of milliseconds between horizon encounters. Upon encounter, tiaz contents
of the binary counter are transferred to a special-purpose computer that

converts to decimal, codes the decimal number to teletype coding and

inserts formats, and puncaes a teletype tape containing the appropriate

material,

The fraction of a spin period occupied by earth or sky is related to
the angle between the spin axis and the vertical, called the nadir angle.-
Jet us setup coordinates at the satellite, X1 Yo z_l,_where 2 points down

the spin axis, vy is in the plane containing the center of the eartn and the
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spiri axis, and x, is in the perpendicular. The cone swept out by the

| . ..
sensor axis is given by

‘ 2 2 2 2
{ | 2] tan " Y= x4y
where X, =%, tan Y cos o

Yy T o tan ¢ sin o

¢ is the cone angle

o is the rotaticn angle with respect to the Y1%1 plane.

/

The surface of the earth, represented in parallel axes x,, , and z is
s P P 2 YZ 2

2 2 2
xz+y2+z‘2 =1

where the radius of the earth is taken as unity. This coordinate system is

related to the first by
2 7 A
Y, = ¥y - asinn

+ acosn
2 Zl [0F3]

where n is the nadir angle, and a is the normalized distance betwecn origins.

1

The formulae may be collected and all coordinate variables but z)
eliminated. The mathematical condition for the intersection of the scan cone
with the horizon is that the dixcriminant of 2q vanish:

a2 (1 -2tany cos o tann + tan2 b cos2 o tanzn)

- {1+ tanzn) (a2 1y (1 + 2 tanz Y c:«:>s2 o) =0

This can be solved for n, giving after some rcarrangement:
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V(l - "1“2' ) ( ’}Z + s'mz A coszcr - sin2 )
sin 2y cos ¢ £ 2 a a

n = arctan
2 (1 - 12 _ sin® P cosza)
a

i

1

As the satellite moves in orbit, the nadir angle continually changes:
cosn=cosn cos (L -L_)

\ o o'

1

where n g i5 the minimum nadir angle (the declination of the spin axis with
respect to the orbitzl plane as equator), Lo is the argument of minimum
nadir angle (right ascension in the orbital plane of the spin axis), and L is
the argument of the position of the satellite.

}f?ach interval between horizons (20 or 2w - 20) can be used to make an
estirngte of n. If these be plotted as a function of L, the plot can be used
against a nomogram of n vs L for various values of ng to find best estimates

of n_and L, the wanted attitude parameters.

4. Method

4,1 The data

The data is presented as a punched tape in teletype coding. The tape
contains four digit groups representing (normally) the number of milliseconds
between successive horizon encounters. Ten such groups constitute a line,
terminated by a carriage return and line feed.

A group representing horizon-carth-horizon is followed by a space,
while a horizon-space-horizon group is followed by a comma. Gaps in the
record of more than 9999 ms are filled by 0000 groups, representing
10, 000 ms. ‘

Real time relationships are establichad by '"clock start" and ''clock
stop'' codings. These are designated by a sequence of a minimum of four
1000 groups followed by a minimum of three 0000 zroups. The time of start
and of stop, given in the preamble of the teletype tape, correspond to the
end of the '"1000" groups. Accordingly, clock start or stop is recognized
30,000 ms after it actually occurs. Recognition of clock stop is not really
required, as the program can be stopped manually when tae data runs out.
It is obviously crucial, however, that the established starting format be

Present on the tapéw



"1 An assortment of errors, garbles, and non-data may occur in the
tapes, requiring heavy editing by the program to permit maximum use

of whatever good data rnay exist. The errors programmed against:

(1) The horizon discriminator was trigzered by noise, or failed to
recognize an actual horizon; or no signal was received due to fadeout or
interruption for reception of other telemetry. These classes of erroneous
data'can be supressed by two tests. ' '

| (a) Successive groups must be followed by alternating spaces
and commas. The second of a data pair thus disqualified is not used. It
has another chance at qualification with the following group.
(b) The sum of two successive groups passing test (a) must be

f
within; 30 ms of one spin period of the satellite. The spin period, manually
entered, may be determined by inspection of taz data or from independent
sources. The fate of a disqualified group is as above.

(2) Too many or too few digits in a group. This may originate in
the tape preparation (the error there is almost invariably a dropped zero
at the end of a group) or in the PR-2 tape reader attachment to the computer,
where space or comma characters may be misinterpreted as digits, as well
as digits misinterpreted. As a result, the program rnust be prepared to

cope with a2 random number of apparent digits and groups in each line.

4, 2 Computational Formaulae

The time interval between successive horizon encounters is related

to the nadir angle of the spin axis by

sin 2y cos o 24/ (L -5 ) (L, + sin® § coso - sin y)
n = arctan a a

(1)
2(1- 1/a2 - sin2 Y cos2 a)
where -
n = the nadir angzle
y = the angle between sensor axis and spin axis
a = geocentric radius to satellite in earth radii
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o ) T : T -7

| S = S (in circles)
i o = = 3
1 2T 2T .
+ = the duration of an earth scan
¢
+ = the duration of an adjacent space scan
s

T = Te ¥ Tg = the rotation period of TIROS
i _ ,
! Except for the sinzular case of § = 90° with the sensor axis at right
angles to the spin axis, nis a two-valued function of o, representing a true
ambiguity resolvable only by the temporal behavior of n, which is not
available to the computer. '
The singular case, used for TIROS I - 1V, reduces to
I
: az -1
n = arctan : (2)
1 2 . 2
-a sin” o

The sign ambiguity is not significant.

- ., The nadir angle, as computed by one of the formulas above, is
machine plotted as a function of L, the true anornaly of the satellite at the
time of the observation of ¢. For convenience, the plot is against 4,

defined by
=1 - 3
£=L-L_ (3)
where Lr is the value of L at the time corresponding to clock start. For
convenience, the starting point of the reckoning of L is displaced to ascending
node, so that a quantity
L =L + W (,)
s r

is outputted, where W is the argument of perigee. The addition may of course
. . o , - .
result in more than 360, in waich case only the cxxcess is outputted.

Other formulae:

t - tp c t - tp
. R - T .
L {circles) = =) + = sin 5 {5)
n n
~here
t = time (CMT)
tp = tirne of perigee (GMT)
Pn: nocal period of satellite
€ = eccentricity of orbit




Smemasea s

| t -t sin ‘cS -t
- > : [
e - 2 ()
n n
whence
| t-tg € t-tg €
= - T e — i QA e, i1
J L Ls = + = sin (Q + s - sin Q (7)»_
n n :
|
where
temty  tott, ot ot _
Q@ =—p— ° P "P (8)
n n . n

with t_ = time of ascending node (GAMT)

. a .

The last term of (3) is given by

t - ta tp - ta

— + -—T'r- Sin ——p———'——-—‘ = (9)

n n

This must be solved by iteration. Fortunately, a simple cut-and-try pro-
cedure with W as the first estimate converges rapidly becausc of the small
magnitude of ¢ for any reasonable orbit.

The geocentric radius of th2 satellite is given by

t -t

a:ao[l-ecos(Q+-——p—i—)] (10)
. n

5. Program Organization

The program is loaded and checked from paper tape. It requires slightly
greater memory capacity than the computer possesses, so that the type-
writer input of non-repetitive material is accomplished first, the material

is processed, and further program loading proceéds. The bulk of this

initial cornputation occurs during input of subsequent data.

Typewriter input routines, specially written for this program, are
arranged for extremc convenience of routine use. Each input itemn is called
for by a brief mnernoric output. 7 hole numbers, d;tes, hours, etc., are
typed directly without the use of the hollow period (the reload key). Decimal

numbers require the use of the hollow period. Striking the hollow period in
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a w}l;ole number is immediately interpreted as an errox, the computer
takev}s control, a pair of tabs occurs, and the nurber must be retyped.
Similarly, if an extra hollow period is typed in a decirmal number, the
typein error routine is entered. Accordingly, a string of hollow periods
scrvps to erase any typing error made before striking the release key. If
Uponi‘striking the release key, a hollow period has not been typed in, an

input" supposed to be a2 decimal number, the typein error routine is entered,

As a further convenience and safeguard for the operator, a mnemonic
output calls for a proof read at the end of 2 group of typeins., 1f an error is
discovered, typing -1 (or any other necgative number) sends the program
back to the beginning of the group of typzins. Striking the release permits
the pr‘bgram to proceed,

A pair of axes are plotted by the PA-3 plotter, preceded by a halt
to permit adjustment of pen position. Another halt permits verification of
data tape positioning in the PR -2 photoreader and setting of its control to
Hrun'l- A ,

A block of tape is read by the photoreader, corresponding to 2 line of
teletype printing. A full line would consist of ten 4-digit yroups separated
by coded spaces or commas for a total of 50 characters plus the carriage
return control, here interpreted as a stop. The space code is recorded as
Bendix "W'" (12) in the PR-2, while the comma becomes an "X" (13).

The capacity of the primary input buffer, line 23, being but 29 hex
characters, an automatic reload occurs during input of 2 normal or near-
normal data block., This results in 29 characters in the ""bottom' of line
19 and an indeterminate number in line 23. A routine is required to normalize
the remaining data in line 23 and graft it onto the first 29 characters,
relocated more conveniently in memory. .

Each character must now be examined in turn. If it is a decimal
character, it is routed to its proper place in the binary conversion routine.
If it is a W or X, it must be the {ifth character; if it occurs early, zeross
must be inserted for the missing digits, and the bell sounds twice. The
defective number cannot be rejected becausc of the necessity of maintaining

the best possible estimate of elapsed time from clock start.
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: If the {ifth ch'avracter is a digit, it is ignored and the bell sounds
thrc‘e times. Fortunately, this fault is rare, as there is no apparent
rational procedure to estimate time when spaces or commas are frequently
misé,ing. _

If a group, now become a data word, is followed by a comma, it is
ma_dé,l negative as a convenient way of flagzing. This permits logical testing
without masking. '

Each converted group is examined to detect 0000 and 1000 groups. A
count of 1000 groups is maintained. ‘hen any group other than a 1000 group
occurs, the count is reset to zero. After the count exceeds .3, 0000 groups
can be{v counted, both counts returning to zero at any break in the sequence.

Yhen the count of 0000 groups reaches 3, the clock is started with 30, 000
ms if it is not already running, or stopped if it hos been running. After
clock stop the program can be rerun. Absence of clock stop coding in the
data does not affect processing, but requires reloading the program for
restart. '

Once the clock is started, a 0000 group causes the irnmediate addition
of 10, 000 ms to the clock and a return to the data-word extraction routine
is performed. Two registers are maintained, one for the previous word
processed, the other for the current word. Tests are performed to assure
opposition of signs of the words. Failure leads to addition of the absolute
value of the current word to the clock, substitution for the previous word, and a
return to data-word x extraction. The absolute values of the previous and
current words are added, and tested to fall within 30 m: of the nominal
spin period. Failure leads to the same route.

The surviving word bescomes ‘fre or T, depending on flag, in the
formulac of the preceding section.

The clock contains t—ts, which is used to compute a, and later £ a,
with Te' is used to compute n, j\vhich is entered with £ into a plotter routine
which positions the pen to plot n against f, marking a "t'" in the appropriate
location. Equation (l) admits of two values of n, both of which are plotted
in sequence. :

The plotter output, containing 2 large nurmaber of discrete scattered

points, each representing o valid data word, is used with a nomographic
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overlay which permits selection of the most probable satellite attitude,
!

Thae human eye can select the most concistent data points, rejecting the

‘vwild points caused by noise in the system (a few such points manage to

survive the logical tests) as well as the orderly digrescions from the
1
proper curve caused by the horizon discriminator's pursuit of 2 cloud
rather than the horizon itself,
!

6. Timing Considerations

Program time is not particularly dependent on computation time,
but rather on edit time and plotter speed.

/The internal organization of the G-15 D computer makes digit-at-
a-time examination of randomly orzanized input data relatively difficult.
A solution was found for 4-bit precession of data which permits computa-
tion during precession. Accordingly, much of the conversion, etc, is

.
contained within edit timme. The examination of each digit takes 5 drum
revolutions or about .15 sec. A 5-character input word thus takes about
l sec to process to the point of decision to plot. This is about 10 sec per
10 word teletype line. To this must be added about 3 sec per line for
tape input and normalization. '

Subsequent computations to the point of pen motion take about one
second, straight-line coding being used in part to avoid time loss in
subroutine entries. In spite of apparent greater formula complication of
H-5 over [1-1, the same subroutinés are used so that total compute time
is not greatly different.

Plotter speed is about 2 inches per second. The pen down-mark
an "x'" -pen up sequence takes 0.3 sec for each point plotted. Pen travel
depends on data scatter, averaging perhaps 0.5 in betwcen points for the
H-1(90°) program. For the II-5 (70°) program, alternate plotting of
"true' and ''false' values of n results in average pen travel per word of
5 in, ' .

The number of ""good" words plotted per orbit can be about 200.

The total number processed may be 300,
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{ The collected siznificant tiines are:
!

t1-1 -5
seconds
Load 90 90
Set Plotter 30 30
Plot Axes » 15 15
Typcins 60 60
Set Data Tape 30 30
Read and Edit 30 Lines 390 : 390
Compute 200 Points 200 200
Plot 25'00 Points 110
Plot 200 Pairs 620
§25 1435

7. Other Computers

It is of interest to examine the characteristics of a computer that
might facilitate these coraputations.

The edit function, which looms large in time con'sumption, would
profit by an input system which can distribute each character to a separate
word, or at least to a definite location independent of input length. Prompt
subscquent access to such characters would telescope the edit and conversion
process to a small fraction of its present length., A further possibility is
character-by-character input, in which processing of each character would
be compiete before the next one is picked up.

Algebraic computation is not very significant in the total time,
although gains here would be helpful. -

Plotting time is significant in the ¥-5 program. It can be speeded by
use of the faster (3" per second) Calcormap plotter. This plotter cannot be
used with the Bendix G-15 D computer because of the limited speed of
computation of control cornmands., ARACOI has devised a routine which
computes and executcs these commands at about 210 per second. There

seems to be no method of further accelerating this process.




|
}
|1f the computer is capable of forraing control characters significantly

faster than they are required, and has output buffzring capabilitics useable
with tic plotter, then compute -while-plot is possible, reducing total time

to rf.eair plot time.
Of tne smaller-scale computers available, the CDC 160-A seems to

|

. : | .
conform to the above suggestions for features to accelerate program .

performance.
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SECTION 111

.
|
i
|

COMPUTER REQUIREMENTS FOR EXTENDIED TIROS OFPERATIONS

\
TH Bendix G-15D
|

\ The use of Bendix G-15 D computers at the CDA stations orwmated

with a unit available at Point Mugu, equipped with the then-new Calcomp
plotter. A similar unit at ARACON Laboratories made possible program
development. At the time of the original worl:, no other computer was
known to offer the plotter 2as an on-line feature

f',\ccordingly, this computer has been used for a program that may be
coxxsid%red ambitious for its apparent capacity. The use of magnetic tape
units, with the input buffering capacitics of the Dendix has made possible

reasonably efficient operation of this larye program.

2. Prograrm Time Distribution

The following is the approximate distribution by percentage of

operating time of the various TIROS programs now used:

Picture Grids 70 %

0%

H-1 or H-5 8
MGAP 5
ODAM = OPAM 5
Subpoint and principal FPoint 1
- Lister

Sun Shadow . 1
Miscellaneous Services 10
IR Gridding {Proposed) {(15)

3. New Computer Requirements

The scc;pe of TIRCS has grovwn far beyond the single-satellite,
single ~camera operation that orizinally was set up. Already the read-out
stations have had to bprocess daily operational date from three cameras
(one- on TIROS V and two on TIROS VI), According to projected launch

schedules they will have to be able to deal with certainly four, and
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pro}:):xbly more, cameras in the near future. However, it has been found
that:o;)eration with three cameras already strains the capacity of the
Bendix G-15 D systern with the present set of programs. With revised
prog:ramming the systern might eke oul support for four cameras, but
withino reserve for emergency work, and more than four camecras would
be totally out of the question. Thus an increased computing facility is
esse‘htialc

Among the many possibilities, it is belicved thint a change to the
CDC 160A computer is probably the most desirable step. Secveral of its
features appear ideal for the nceds of the TIROS operations, and although
individually these features are not unique to the 15604, it appears that
the Sp,f:eCifiC cormbination is unique at this price level. As described below,
this computer offers only a moderate increase in general arithmetical
speed over that of the present Dendix G-15D system. However, the other
feztures (input/output, etc.) combine to produce rauch more efficient
system operation. Thus, for example, the grid program speed-up relative
to the EBendix will be considerably greater than would be inferred by
comparing only the arithmetical speeds.

One requirement for the new system, which is admirably fulfilled by
the 160A, is flexible input/output performance with arbitrary codes on
punched tape, and a good editing capability. These features are necded to
perrit conversion to automatic machine preparation and reading of
teletype messages., Vith the increased scope of TIROS operations, the direct
input of reperforated teletype data, and the direct prepzration of summary
messages (ODALN], OPAM, etc.) are most important from the human factors
standpoint of eliminating errors and of smoothing out the operating
procedures. From the computational standpoint this change is needed to
make it feasible to read in lengthy tables of cofnpute.d data as it is received
from NASA computing center.

Since this is to be a replacement system in a daily operational enterprise,
there should be no question of new and untried hardware designs, with
possibility of protracted shut-downs for debugging., Thus an important
feature of the 160A is the availability of the high-sbpecd incremental plotter

1
1

as a standar

~

accessory, with thoroughly tested and proven CDC hzrdware

linking it to the computer.
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' A requirement for efficient in-station use is the provision for full
inpuf/o:)tptlt buffering, with good interrupt hardware and commands, and

it is important to insure that the plotter can be operated through the

buffered channel, These requirements are met by the 160A. In suggesting

a sydtein below, we recommend at least one Auxiliary Memory Unit

(of cc&re storage); with this item it is believed that an additional parallel
buffci‘r channel in effect becomes available through careful programming,
althouzh we have not yet received firrm engineering data on this matter. This
would be most helpful in perrmitiing norinal input/output operations during
grid plotting, or if more speed is needed later in facilitating the use of

twwin plotters,

It is most important that the new system be flexible enough to
accommodate later revisions in TIROS operations., rlere the 160A has two
advantages: the basic unit sugyested here is readily expanded in a variety

of ways, and the computer i3 readily incorporated into larger complex of
Neirle computers such as is contemplated for NIMBUS operations. Thus
it is unlikely that the 160A system would have to be replaced, along with

all of the programs, in the way that it now seems necessary to replace

&

the Dendix installation.

In addition to the foregoing hardware features, the CDC 160A soft-
ware includes a translator which normally will produce an operating
prozram in an interpretive languagze for the 160A (SICOM) directly from an
already existinz and debuzged program in the Dendix G-15D interpretive
lanzuage (INTERCOM!)., This could be used to convert cirectly those
operational programs which happen to have been left in Intercom, as well
as to convert earlier vercions of the other programs whose logic and
basic algebra were initially tested in Intercom. For permanent programs
it would be preferable to rewrite the entire library now used on the Bendix
for TIROS, btut as a back-up during initial operations with the new system
the translator feature could be very helpful. '

Another software feature of the 160A is a FORTRAN compiler. We
emphatically do not recommend that the regular operational programs be

produced with FORTRAIN for the present work, However, again this is
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a feature which might be useful during initial operations with the system,

byli producing usable interim programs with least effort. Unfortunately

the cornpiler requires magnetic tape units, which we do not recornmend for
the TIROS operations, but the corapiling might be accomplished during
re:ited tirne on other 160A installations.

| A final software argument in favor of the CDC 160A is the consequence
of the adoption of this machine by various groups at NASA for use as a
coniputer.-to—teletype buffer. An extensive set of programs has been built
up to handle the necessary input/output operations, as well as to accomplish
the relatively complex editing that is required. For éxamplc, it is under-
stood that programs already exist for dealing with the data transmissions
from / MASA computing center, which were mentioned above, These programs
wouh'l be a tremendous advantage in setting the new system into efficient

operation,

4, Performance Data, CDC 160A

As is the case with several modern lower-priced computers, much
arithmetical hardware has been omitted from the CDC 160A. Also, the
basic word size is so small (12 bits) that multiple precision opcrations are
necded for most work, Consequently, relatively extensive software is
required for normal operations, and the performance of the available
arithmetical subroutines is most important in determining the overall speed
of the computer for normal scientific applications. ‘

According to the CDC 160A Program Catalog 4 {INovember, 1962),
only fixed-point arithmetic subroutines are available for use in machine-
code programs. A set of subroutines provides double-precision fractional
arithmetic (22 bits), which is probably adequate precision for our purposes.
No higher-precision subroutines are available for machine-coded programs.
For corparison we list the speed of the 3endix G-15D for optimum-access
coding, which is representative of our programs in the parts which are
repeated most often, and the CDC 924, which is the next larger machine

(tirnes are in milliseconds):
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| CDC 924 CDC 160A Pendix G-15D Jendix G-15D
i (23 bit) (22 bit) (28 bit) (15 bit)
|
Add . 010 0.225 ' 0.6 ———-
Su_bn . 010 0. 300 0.6 . -
Mult. .038 5.0 to 10. 0 20. 0 10. 0
Div, . 038 10,0 20, 0 10.0

. As this table shows, the performance of the 160A is not particularly
impressive for machine-language coded arithmetic. In addition, it has the

disadvantage of lacking hardviare for overflow testing, and it has only a

single-precision register for the shift operations required in scaling. These
operations therefore require additional programming.. It would seem that
the 1;/6OA is not well suited to machine-language computations, and it appears
that this is tacitly admitted by CDC, for according to Program Catalog 4,
they offer no subroutines to calculate standard functions other than a.curious
""G-bit quick sine' which is of no use to us. '

On the other hand, relatively good performance is shown by each of
the three interpretive languages offered for the 160A, in that the additional
complications of triple or quadruple precision floating-point calculations,
with programmed overflow tests, are handled with relatively little increased
operating time over that needed for the machine-language operations
quoted above. Part of the reason, of course, is that essentially no penalty
is paid for using an interpretive syctem when the act of "interpreting"
requires only a hanaful of fast machine lozic as contrasted to the very large
number of machine logic commands which are used to accomplish the
sirxzples{ arithinetical operation.

The three different interpretive systems offered for the 160A are
SICOM (almost identical to Dendix G-15D Intercomn, and used primarily
with programs translated automatically from Intercom), INTERFCR (similar
to SICOM but with important advantages in index register treatrment and in
looping and jump commands), and a FORTRAN Inte rpreter which apparently
is designed specifically to have the most desirable characteristics for
a FORTRAN Object-Code Language. Essentially a full complement of
function subroutine.s is available in each language. The speeds given

here (in milliseconds} are to be compared with the previous table of

N

machine -language speeds:

-56-



| FORTRAN SICOM INTERFOR
f
|

(cemmmm ) (10 decimal digits) (33 bit)
Add/ 4,0 1.0to 2.0 0. 85
Sub., :
Mult. 14.0 6. 0 min 14. 0
. x 22. 0 max )

Div.] 19.0 9. 0 min 25.0
‘ ' \ 30. 0 max '

In addition to superior logic commands, INTERFOR has the advantage
over SICOLI and FORTRAN of allowing very easy transition back and forth
betv.cen the standard INTERFOR Language and direct machine language.

Thus one may use the excellent high speed editing and general data processing
capabilities of the 160A in addition to having the convenience of a flexible

and fast interpreter. This provision in fact is quite complete: the INTERFOR
package carefully protects the word locations addressed by the Interrupt hard-
ware. An assembly program with symbolic addressing, relocatable output,
.etc, , is available for INTERFOR, ‘

According to local information the only FORTRAN for the 160A is
one that has been adapted from the CDC 160 program; anothecr FORTRAN
is due for releasc soon by CDC, but is not yet available. In any event the
CDC FORTRAN literature explicitly states that ", ..programs which
have been compiled independentiy cannot be linked together at execute

time. "

Precisely how limiting this really is, is not clear, but it does
secem clear that the system is not convenient for producing blocks of
programming for assembly into a variety of larger programs in the way

that our TIROS program library is built,

5. Suggested CDC 160A Configuration

The following is a suggested configuration suitable for handling u
o 58 g o

to 5 TIROS cameras taking pictures on a schedule similar to that now

obtaining, while retaining some reserve capacity for IR gridding. It is

readily expandable for even more cameras,
y p
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i

| 160A Base Unit $90, 000
161 Typewriter 10, 500
365 Plotter (300 steps ~ 9,000

per sec) :
169-1 Auxilliary 8K Memory 50, 000
. or ,
2-606 Tape handlers and ~ =-~---

Control Unit

Expansion would call for an additional plotter and possible special hard-

ware to assure optimum speed of both plotters without undue program

constraints.
It shcould be noted that the CDC-924 base unit with typewriter and
plotter offers the same effective storage as the 160A with additional 8K

nemory unit. Its effective cornputation speed is essentially 100 times that

of the 160A {see table above). Additional cost is about 25 percent.

Addition of tape units would move the cost margin much narrower.
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